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1A Comparative Study of the Methods of Inclusion
of PMU Current Phasor Measurements in a Hybrid
State Estimator
Saikat Chakrabarti, Member, IEEE, Elias Kyriakides, Senior Member, IEEE, Gerard Ledwich, Senior
Member, IEEE, and Arindam Ghosh, Fellow, IEEE
Abstract—The paper compares three different methods of in-
clusion of current phasor measurements by phasor measurement
units (PMUs) in the conventional power system state estimator.
For each of the three methods, comprehensive formulation of
the hybrid state estimator in the presence of conventional and
PMU measurements is presented. The performance of the state
estimator in the presence of conventional measurements and
optimally placed PMUs is evaluated in terms of convergence
characteristics and estimator accuracy. Test results on the IEEE
14-bus and IEEE 300-bus systems are analyzed to determine
the best possible method of inclusion of PMU current phasor
measurements.
Index Terms—Current phasor, hybrid state estimator, mea-
surement uncertainty, optimal placement, phasor measurement
unit.
I. INTRODUCTION
PHASOR measurement units (PMUs), along with theircommunication infrastructure, form the backbone of a
wide area monitoring, protection, and control (WAMPAC)
system [1]. Due to the relatively higher cost of PMUs and the
requirement of the associated communication and data man-
agement facilities, the feasibility of a PMU-only measurement
system is still a distant possibility in most power systems. In a
number of utilities, PMUs are being installed in an incremental
fashion, in conjunction with conventional measurements such
as the power flow and power injection measurements [2].
The accuracy of the PMU measurements is much higher
than the conventional measurements [3], [4]. These high
precision PMU measurements are being proposed nowadays to
be used to enhance the performance of the conventional state
estimators. It has been shown by researchers that, by careful
placement of PMUs in the system, and using the measurements
from them along with the conventional measurements, it is
possible to enhance the accuracy and convergence character-
istics of the existing state estimators [5]. Usually, a weighted
least squares (WLS) estimator is used to find the best estimates
of the states [6]. In case the system is completely observable
by only PMU measurements, a linear estimator can be used
to obtain the states [7]. However, such a measurement system
will need a large number of PMUs for a large system, which
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may not be technically and economically feasible in the near
future. A ‘hybrid’ state estimator is needed to find the best
estimates of the states when the measurement set consists of
conventional as well as PMU measurements.
In a decoupled formulation of the state estimation problem
in the presence of mixed (conventional and PMU) measure-
ments, the voltage phase angle measurements can be directly
included in the active measurement vector [8]. A reference
phase angle, such as the phase angle of the slack bus is
required in such an approach. To eliminate the need of a
reference phase angle, the use of phase angle differences
between the voltage phasors at the ends of transmission lines
and transformers is also proposed in [8]. In [9], a two-stage
state estimator is proposed, where conventional and PMU mea-
surements are processed in separate state estimators, and then
combined in a linear state estimator. This approach is difficult
to implement in practice, since it requires a reference angle for
each observable island in the system. A linear state estimator
is proposed in [10] by transforming the power injection and
power flow measurements into pseudo-current measurements.
This leads to a loss of precision in the power measurements
due to the transformations. Also, the estimated voltage phasors
are used in the transformation process; hence the method is
not truly linear. A methodology for state estimation in the
presence of mixed measurements is presented in [11].
Inclusion of voltage phasor measurements by PMUs in a
state estimator is straightforward [4]. This paper examines
different possible ways of including PMU current phasor
measurements in the existing conventional state estimator, and
evaluates the performance of the state estimator in terms of
convergence characteristics and accuracy in each case.
The paper is organized as follows. The major issues while
combining PMU measurements with the conventional ones are
highlighted in Section II. Section III describes the formulation
of the hybrid state estimator for three different methods of
inclusion of PMU current phasor measurements. The optimal
PMU placement strategy followed in this paper is presented in
Section IV. The guidelines for performance evaluation of the
state estimator is described in Section V. Simulation results
on test systems and analysis of the results are presented in
Section VI, followed by conclusions in Section VII.
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2II. COMBINING CONVENTIONAL AND PMU
MEASUREMENTS
Each measurement from a PMU contains a GPS-
synchronized time-stamp [3]. The conventional measurements
used by the SCADA system carry the local time-stamps. Using
the two time-stamps, the synchronous PMU measurements can
be combined with the asynchronous conventional measure-
ments. The phase angles are measured by the PMUs with re-
spect to a cosine function at nominal frequency, synchronized
to universal time coordinated (UTC) [3]. The estimated phase
angles can be referred to this cosine function. However, the
common practice is to refer all the phase angles to a common
reference, usually the phase angle of the slack bus or swing
bus, for which the voltage magnitude and phase angle are
assumed to be known beforehand. Without loss of generality,
it is assumed in the present work that there is a PMU installed
at the slack bus. This also ensures a measurement redundancy
of at least one at the slack bus, so that the reference angle
measurement is available even in the case of outage of a
measurement. The phase angles measured or estimated at all
the buses are referred to the phase angle measured by the PMU
at the slack bus. It is to be noted here that there can be different
criteria for choosing the reference bus. For example, estimated
phase angle of the center of inertia of a power system may be
considered as a reference angle.
III. FORMULATION OF THE HYBRID STATE ESTIMATOR
The state estimation problem involving conventional mea-
surements such as power injections and flows is non-linear.
The weighted least squares (WLS) estimates of the states are
found by iteration as follows [6]:
xk+1 = xk + (HTR−1H)−1HTR−1(z− h(xk)), (1)
where xk is the vector of state variables at the kth iteration,
z is the vector consisting of conventional as well as PMU
measurements, h is the vector of measurement functions, R
is the measurement error covariance matrix, and H is the
Jacobian matrix for the mixed measurements.
This paper studies three possible ways of including PMU
current measurements into the conventional state estimator:
• Method 1: Current phasor magnitude and phase angle
measurement.
• Method 2: Real and imaginary part of the complex current
measurement [11].
• Method 3: Pseudo-voltage measurement with the help of
current phasor measurement and known line parameters
[12].
The formulation of the WLS state estimation problem in the
presence of conventional and PMU measurements is presented
below for each of the three methods mentioned above. PMU
voltage and current phasor measurements are included as
additional rows in the measurement Jacobian matrix, so that
the new set of measurements can be easily added or removed
from the existing conventional measurement set. The Jacobian
matrix for the mixed measurements in case of Method 1 is as
follows:
H1 =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
∂Pinj
∂θ
∂Pinj
∂V
∂Pflow
∂θ
∂Pflow
∂V
∂Qinj
∂θ
∂Qinj
∂V
∂Qflow
∂θ
∂Qflow
∂V
∂θV,measured
∂θ
∂θV,measured
∂V
∂Vmeasured
∂θ
∂Vmeasured
∂V
∂θI,measured
∂θ
∂θI,measured
∂V
∂Imeasured
∂θ
∂Imeasured
∂V
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (2)
Here, Pinj and Qinj represent the real and reactive power
injection measurements; Pflow and Qflow stand for the real
and reactive power flow measurements; θV and θI are the
phase angles of the bus voltages and line currents respectively,
measured by the PMUs; and Vmeasured and Imeasured are the
voltage and current magnitudes recorded by the PMUs.
In Method 2, voltage magnitude and angle measurements by
the PMUs are treated similar to Method 1. The measurements
of current phasors are decomposed into real and imaginary
parts before including them into the Jacobian matrix as shown
below.
H2 =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
∂Pinj
∂θ
∂Pinj
∂V
∂Pflow
∂θ
∂Pflow
∂V
∂Qinj
∂θ
∂Qinj
∂V
∂Qflow
∂θ
∂Qflow
∂V
∂θV,measured
∂θ
∂θV,measured
∂V
∂Vmeasured
∂θ
∂Vmeasured
∂V
∂Ireal
∂θ
∂Ireal
∂V
∂Iimag
∂θ
∂Iimag
∂V
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (3)
where Ireal and Iimag stand for the real and imaginary parts of
the current phasors measured by the PMUs.
In Method 3, current phasors measured by the PMUs are
used along with the known transmission line parameters to
estimate the voltages at the remote end of the transmission
line. These estimated or pseudo-voltage measurements are then
included into the modified measurement Jacobian matrix, H3
as follows:
H3 =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
∂Pinj
∂θ
∂Pinj
∂V
∂Pflow
∂θ
∂Pflow
∂V
∂Qinj
∂θ
∂Qinj
∂V
∂Qflow
∂θ
∂Qflow
∂V
∂θV
∂θ
∂θV
∂V
∂V
∂θ
∂V
∂V
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (4)
where the sub-matrices ∂θV∂θ ,
∂θV
∂V ,
∂V
∂θ , and
∂V
∂V consist of
elements due to both direct and pseudo-voltage measurements.
By assuming pi-models of the transmission lines, the ele-
ments of the measurement Jacobian matrix, i.e. the elements
of the sub-matrices in (2), (3) and (4) can be determined [13].
Assuming the measurements to be independent of each other,
for measurements other than phase angles, there will be only
diagonal elements in the error covariance matrix R, and the
3elements are determined by the standard uncertainties in the
measurements, as shown below:
R(i, i) = u2i , (5)
where ui is the standard uncertainty in the ith measurement.
All the phase angles are referred to the phase angle mea-
sured by the PMU at the slack bus:
θi = Θi −Θ0, ∀i = 1, 2, . . . (6)
where Θi is the phase angle of the voltage at the ith bus,
measured directly by the PMUs or estimated based on PMU
measurements, and referred to the cosine function at nominal
frequency, provided by the GPS. Θ0 is the phase angle of the
reference bus.
Using the principle of finding variance of the difference
of two variables, the diagonal and off-diagonal elements of
the error covariance matrix, corresponding to the phase angle
measurements are given by [14]:
R(i, i) = u2i + u
2
0, (7)
R(i, j) = u20, (8)
where u0 is the standard uncertainty in the measurement of
the phase angle at the slack bus.
For direct conventional and PMU measurements, the stan-
dard uncertainty can be derived from the manufacturer’s
specifications by assuming a uniform distribution (some other
distribution, if known, may also be considered) of the mea-
surement over the range of maximum specified uncertainty, as
shown below [15]:
ui =
Δui√
3
, (9)
where Δui is the specified maximum uncertainty in the ith
measurement.
For indirect or pseudo-measurements, the combined stan-
dard uncertainties in the measurements can be obtained by
using the classical theory of propagation of uncertainty, as
shown below [15]:
uz =
√√√√ p∑
i=1
(
∂z
∂xi
)2
u2xi (10)
where the pseudo-measurement z depends on the measure-
ments x1, x2, . . . , xp; and uxi is the standard uncertainty in
the measurement xi.
The major sources of uncertainty pertaining to the PMU
measurements are the instrument transformers, cables con-
necting the instrument transformers to the digital equipment,
and the A/D converters and the associated computational logic
[5]. The characteristics of instrument transformers near power
frequency is practically flat. The error in measurement due to
cables can be related to the length of the cables. It is assumed
in this paper that the uncertainties due to the instrument
transformer and the cables are compensated by utilizing the
external calibration facility (usually present in a state-of-the-art
PMU). Only the uncertainties due to the A/D converters and
the computational logic are considered in this paper. It is to
be noted here that different PMU vendors may use different
computational logics. A thorough investigation is needed to
determine the uncertainty characterstics corresponding to any
particular computational logic.
IV. OPTIMAL PLACEMENT OF PMUS
There have been a number of approaches proposed in the
literature for inclusion of PMUs into the existing conventional
measurement system. Reference [5] proposes a method to
install PMUs in the system to enhance the performance of the
existing state estimator that uses data from the SCADA sys-
tem. The conceptual design of a ‘super-calibrator’ is described
in [16], which recommends at least one PMU in each area or
sub-network to coordinate among individual state estimators
in those areas.
The case studied in this paper is the one where the power
system has more than one island observable by conventional
measurements. This situation may arise in practice as a result
of the decision to replace some of the aging or malfunctioning
conventional measurement units. The PMUs are installed in
this case to make the system observable as a single island [6],
[17].
When a PMU is placed at a bus, it can measure the
voltage phasor at that bus. It is also possible to estimate the
voltage phasors at the other end of all the incident lines, using
the measured current phasor and the known line parameters,
provided that the PMU has sufficient number of channels to
measure the current phasors through all branches incident to
the bus at which it is placed [18]. Hereafter, these estimated
voltage phasors are referred to as pseudo-measurements. In
case of a zero-injection bus, where the net power injected at
the bus is zero, power flow in one of the lines connected to that
bus may be computed by using Kirchhoff’s current law (KCL),
if the flows in the remaining lines are known [5]. However,
the measurement uncertainties propagate further due to the
use of KCL. In this paper, the use of current measurements
by the PMUs to estimate voltage phasors is therefore limited
only to the adjacent buses. A brief discussion of the optimal
PMU placement methodology is included in the following to
make the paper self-contained. The details of the method can
be found in [17].
The elements of the binary connectivity matrix, A, for a
power system, used in the formulation of the optimal PMU
placement problem, are defined as,
A(i, j) =
⎧⎪⎨
⎪⎩
1 if i = j
1 if bus i and j are connected
0 otherwise
(11)
The binary vector x ∈ n is defined as,
xi =
{
1 if a PMU is placed at bus i
0 otherwise
(12)
and contains the PMU placement set.
The entries of the product Ax therefore represent the number
of times a bus is observed by the PMU placement set de-
fined by x. The objective function V (x) for optimization is
formulated as in an integer quadratic program,
V (x) = λ(N− Ax)TR(N− Ax) + xTQx, (13)
4where λ ∈  is a weight, and N ∈ n is a vector representing
the upper limits of the number of times each bus can be
observed by the PMU placement set x. For example, if a
particular bus is connected to two other buses, the element
in N corresponding to that bus is 3. The diagonal matrices
R ∈ n×n and Q ∈ n×n allow for allotting varying
significance to the buses and costs of the PMUs. In the generic
case, as assumed in this study, where all buses are equally
significant and the PMU installation cost at all buses is the
same, Q and R are equal to the identity matrix In×n.
The coefficient λ is used as a normalizing factor, such
that λ = (NTRN−1). The choice of λ in this manner
normalizes the first part of (13) and ensures that its value
remains between 0 and 1, whereas, the second part of (13)
is an integer. Formulation of the optimization problem in this
manner ensures that the minimization of the required number
of PMUs is given higher priority, and the program does not
increase the number of PMUs to increase the meas-urement
redundancy. The first part in (13) computes, for each bus in
the system, the difference between the maximum possible
number of times the bus can be observed and the actual
number of times it is observed by the PMU placement set
x. Minimization of this difference is therefore equivalent to
maximizing the measurement redundancy [19]. The second
part of (13) represents the total cost of PMU installation. When
the installation costs of all the PMUs are assumed to be the
same, Q is an identity matrix. Therefore, the minimization of
xTQx in this case is equivalent to minimizing the total number
of PMUs in the system.
Equation (13) can be expanded into the following form:
V (x) =
1
2
xT (2λATA+ 2I)x+ (−2λNTA)x+ λNTN. (14)
The optimization problem can therefore be formulated in an
integer quadratic programming framework,
Minimize
1
2
xTGx+ fT x, (15)
subject to Ax ≥ b, (16)
where G = 2λAT a+ 2I, f = (−2λNTA)T , and b = In×n.
A. Inclusion of Conventional Measurements
There are a number of PMU placement philosophies, some
of which are mentioned at the beginning of this section.
The objective of the PMU placement methodology followed
in this paper is to make the power system observable as a
single island by utilizing the conventional as well as the PMU
measurements. It is assumed in this case that the set of existing
conventional measurements alone can not make the whole
system observable. A numerical observability analysis [20] is
carried out at the beginning to identify the observable islands
in the system considering only the conventional measurements.
All buses inside an island found by the above process are
observable within the island. To merge two observable islands,
it is sufficient to provide a voltage phasor measurement that
can be referred from both the islands. To make the whole
system observable, the PMU placement strategy therefore
ensures that at least one of the voltage phasors among the
buses inside an island is measured by a PMU. In the form of
a constraint for the optimization process, this can be expressed
as,
skx ≥ 1, ∀k = 1, . . . , Nisland, (17)
where Nisland is the number of observable islands in the power
system, sk ∈ n is a vector representing the buses inside
the kth island and the connected buses, and its elements are
defined as follows:
sk(i) =
⎧⎪⎨
⎪⎩
1 if bus i belongs to the kth observable island
or it is connected to a bus inside the island
0 otherwise
(18)
The PMU placement methodology mentioned above con-
siders normal system operating condition. It is also possible
to extend the methodology to ensure complete system ob-
servability for contingencies such as the outage of one or
more transmission lines or the malfunctioning of one of more
PMUs [17]. The test results and discussions presented in the
following sections refer to normal operating condition of the
power system.
V. PERFORMANCE EVALUATION OF THE STATE
ESTIMATOR
Minimization of the estimation error and good convergence
characteristics are two of the most desirable properties of
a state estimator. The accuracy of the state estimator for
the three different methods of inclusion of PMU current
measurements is evaluated in terms of the variance in the
estimated states [11]. Taking into account the uncertainty in
the measurements, a large number of Monte Carlo trials are
performed by randomly selecting the measurements from the
range specified by the maximum measurement uncertainty
around the measured value. The average value of the sum
of variances of the states, as shown below, is taken as the
performance indicator of the state estimator.
σ2Σ =
N∑
i=1
(
1
M
M∑
j=1
(xˆi(j) − xi)2), (19)
where σ2Σ is the average value of the sum of variances over
M number of Monte Carlo trials, N is the number of state
variables in the system, xi is the ith state variable, and xˆi(j)
is the estimated value of the ith state variable for the jth trial.
For each Monte Carlo trial, the sample of a measurement
is randomly taken from the uniform distribution of the mea-
surement around the measured value. For example, for the
ith measurement, the distribution is assumed to span from
(−Δui/2 + ui) to (Δui/2 + ui), and a sample is taken
randomly from this range of values.
In addition to the variance in the estimated states, con-
vergence characteristics of the hybrid state estimators are
also compared. The iterative state estimation process involves
inversion of the gain matrix G = HTR−1H, as shown in (1).
An ill-behaved (e.g., too large or undefined) magnitude of any
of the elements of the measurement Jacobian matrix H results
in ill-conditioning of the gain matrix [6]. The WLS solution
of such ill-conditioned systems are prone to convergence
5and accuracy problems. The convergence characteristics of
the state estimator for the three methods of inclusion of
PMU current measurements are observed in the next section.
The behavior of the elements in the measurement Jacobian
matrix is investigated to identify the cause of any convergence
problem. Subsequently, the study draws conclusion on the best
possible way of including PMU measurements in an existing
conventional state estimator.
VI. CASE STUDIES
The hybrid state estimators are applied on the IEEE 14-bus
and IEEE 300-bus test systems [21]. A set of conventional
measurements such as power flows and power injections
are randomly distributed in the system. To generate the re-
quirement for the PMU placement strategy followed in this
work, the total number of such measurements is kept limited,
so that the system is not observable as a single island. A
numerical observability analysis is then carried out to identify
the observable islands in the system. The PMU placement
strategy described in Section IV is implemented to determine
the optimal locations of the PMUs, so that the total number
of PMUs is minimized, and the measurement redundancy at
the buses is maximized.
Fig. 1 shows the locations of the conventional and PMU
measurements in the 14-bus test system. The shaded areas are
the observable islands created by the conventional measure-
ments alone. Optimal PMU locations for this measurement
configuration are buses 6 and 9. In other words, installing two
PMUs at bus 6 and 9 will make the system observable as a
single island. The minimum number of required PMUs is 2,
and the placement of those two PMUs at bus 6 and 9 will
maximize the measurement redundancy in the system. Bus 1
is the reference bus in the test system. An additional PMU is
installed at bus 1, to measure the reference phase angle.
The buses of the 300-bus system are renumbered from 1
to 300 for ease of reference. The system is assumed to have
power flow measurements in 70% of its lines and injection
measurements at 30% of its buses. All of the conventional
measurements are randomly distributed in the system. The
optimal locations of the PMUs for the 300-bus system are
1, 19, 36, 64, 141, and 268, determined by the methodology
proposed in [17] and briefly described in Section IV.
A 3% maximum variation in the measurements of power
flow and power injection is assumed in this study. Equation
(9) is used to compute the corresponding standard uncertainty.
To examine the performance of the state estimator for differ-
ent methods of inclusion of PMU current measurements, 1000
Monte Carlo trials are executed by randomly selecting samples
of measurements from the specified range of uncertainty in
the measurements. While executing the Monte Carlo trials,
it was observed that the state estimator had a convergence
problems on a number of occasions while using Method 1 for
inclusion of PMU current measurements. The elements in the
measurement Jacobian matrix were examined to identify the
cause of such convergence problems. It was found that the
elements of the Jacobian matrix due to current magnitude and
phase angle measurements can have very large or undefined
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Fig. 1. IEEE 14-bus test system with conventional and PMU measurements
values for a certain range of terminal voltages and phase
angles, which results in ill-conditioning of the state estimation
gain matrix.
The effect of variation in the voltage magnitude and phase
angle at a terminal bus on the elements of the Jacobian
matrix corresponding to current magnitude and phase angle
measurement is investigated. As an example, for Method 1,
assuming a PMU is placed at bus 1 of the IEEE 14-bus test
system, and taking the voltage magnitude at bus 2 as 1 (i.e.,
V2 = 1 p.u.), and voltage phase angle as 0 (i.e., θ2 = 0), the
variation in the derivative of the phase angle of the current
flowing from bus 1 to bus 2 with respect to the phase angle
of the voltage at bus 1 is shown in Fig. 2. It can be observed
that for certain values of sending end voltage phase angle and
magnitude (close to θ1 = 0 and V1 = 1 p.u. in this case, where
the values change abruptly from very high to very low), the
derivative becomes undefined. Similar abrupt changes in the
derivative ∂I12∂θ1 can be observed in Fig. 3. No such sudden
changes are observed for the elements corresponding to the
current measurements in the measurement Jacobian matrix for
Method 2 (considering real and reactive part of the current
measurement) and Method 3 (pseudo-voltage measurements).
The performance of the proposed state estimator is also eval-
uated in terms of the variance in the estimated states. The WLS
estimates of the states are found for each trial of the Monte
Carlo simulation. Table I shows the variation in the average
value of the sum of variances for three different methods of
inclusion of PMU current measurements. Method 3, where
pseudo-voltage measurements are considered, offers the lowest
accuracy, as observed from Table I. The performances of the
state estimator using Methods 1 and 2 are comparable in terms
of the variance of the estimated states. However, Method 1
suffers from the serious drawback of not converging in certain
cases. The results for Method 1 stated in Table I ignores the
6non-converged cases.
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Fig. 3. Changes in ∂I12/∂θ1 with θ1 and V1
Table II gives the average number of iterations taken to
converge to the solution for the three methods. For Method 1,
the average is taken over the number of occasions the solution
converged. All the three methods are found to be comparable
in terms of convergence speed.
Based on the preceding discussion, Method 2, i.e., inclusion
of the real and the imaginary parts of the current phasors
measured by the PMUs appears to be the most suitable choice.
When there are only PMU measurements, the use of Method
3 results in a linear estimator. The speed of execution of a
linear estimator is much higher compared to nonlinear ones,
since no iterations are involved. In the absence of conventional
measurements, it may therefore be advisable to use Method 3
to include PMU current measurements.
VII. CONCLUSION
The paper examines three different methods of inclusion
of PMU current phasor measurements in a conventional
state estimator: current phasor magnitude and phase angle
measurement, real and imaginary part of the current phasor,
and pseudo-voltage measurement. PMU voltage and current
TABLE I
STATE ESTIMATION PERFORMANCE FOR DIFFERENT METHODS OF
INCLUSION OF CURRENT MEASUREMENT BY PMUS
Method of inclusion of σ2Σ
PMU current measurement IEEE 14-bus IEEE 300-bus
Method 1 1.25× 10−6 7.29× 10−6
Method 2 1.13× 10−6 8.87× 10−6
Method 3 2.85× 10−6 9.35× 10−6
TABLE II
AVERAGE NUMBER OF ITERATIONS TO REACH THE SOLUTION
Method of inclusion of Average number of iterations
PMU current measurement IEEE 14-bus IEEE 300-bus
Method 1 4.27 5.12
Method 2 4 6.45
Method 3 4.23 5.76
phasor measurements are included in a hybrid state estimator
that uses both conventional and PMU measurements. The
hybrid state estimator is formulated in such a way that it can
be easily modified in case of changes in the measurement
configuration. The performance of the state estimator for the
three different methods of PMU current measurements is
evaluated in terms of the average variance in the estimated
states, and convergence characteristics. It was found that the
inclusion of current measurements in the form of real and
imaginary parts give best performance when both conventional
and PMU measurements are present. In case of a PMU-only
measurement system, pseudo-voltage measurement approach
may be used to explore the advantages of a linear estimator
compared to a non-linear one.
REFERENCES
[1] S. Chakrabarti, E. Kyriakides, T. Bi, D. Cai, and V. Terzija, “Measure-
ments get together,” IEEE Power and Energy Magazine, Jan./Feb. 2009.
[2] R. F. Nuqui and A. G. Phadke, “Phasor Measurement Unit placement
techniques for complete and incomplete observability,” IEEE Trans.
Power Delivery, vol. 20, no. 4, pp. 2381-2388, Oct. 2005.
[3] IEEE Power Engineering Society, “IEEE standard for synchrophasors
for power systems,” IEEE Std C37.118TM-2005.
[4] S. Chakrabarti and E. Kyriakides, “PMU measurement uncertainty
considerations in WLS state estimation,” IEEE Trans. Power Systems,
vol. 24, no. 2, pp. 1062-1071, May 2009.
[5] J. Zhu, A. Abur, M. J. Rice, G. T. Heydt, and S. Meliopoulos, “Enhanced
state estimators,” Final project report, PSERC, Nov. 2006.
[6] A. Abur and A. G. Exposito, Power System State Estimation: Theory
and Implementation, New York: Mercel Dekker, 2004.
[7] V. Terzija, “SMT based real time state estimation,” Tutorial on Wide
area Monitoring, Protection, and Control, Manchester, UK, 12-14 June,
2007.
[8] R. Zivanovic and C. Cairns, “Implementation of PMU technology in
state estimation: an overview,” IEEE AFRICON 1996, vol. 2, pp. 1006-
1011, 1996.
[9] H. Zhao, “A new state estimation model of utilizing PMU measure-
ments,” International Conference on Power System Technology, pp. 1-5,
2006.
[10] Y. Cheng, X. Hu, and B. Gou, “A New state estimation using synchro-
nized phasor measurements,” IEEE International Symposium on Circuits
and Systems, pp. 2817-2820, 2008.
[11] T. S. Bi, X. H. Qin, and Q. X. Yang, “A novel hybrid state estimator for
including synchronized phasor measurements,” Electric Power Systems
Research, 78, pp. 1343-1352, 2008.
7[12] S. Chakrabarti, E. Kyriakides, and M. Albu, “Uncertainty in power
system state variables obtained through synchronized measurements,”
IEEE Trans. Instrumentation and Measurement, vol. 58, no. 8, pp. 2452-
2458, Aug. 2009.
[13] S. Chakrabarti, E. Kyriakides, G. Valverde, and V. Terzija, “State
estimation including synchronized measurements,” IEEE PowerTech
Conference, Bucharest, Romania, 2009.
[14] Montgomery, D. C. and Runger, G. C.:‘Applied Statistics and Probability
for Engineers’, John Wiley & Sons, 2003.
[15] ISO-IEC-OIML-BIPM: Guide to the Expression of Uncertainty in Mea-
surement, 1992.
[16] Vittal, V., Heydt, G. T., and Meliopoulos, A. P. S.:‘A tool for online
stability determination and control for coordinated operations between
regional entities using PMUs’, Final project report, PSERC, Jan. 2008.
[17] S. Chakrabarti, E. Kyriakides, and D. G. Eliades, “Placement of syn-
chronized measurements for power system observability,” IEEE Trans.
Power Delivery vol. 24, no. 1, pp. 12-19, Sep. 2008.
[18] S. Chakrabarti and E. Kyriakides, “Optimal placement of phasor mea-
surement units for power system observability,” IEEE Trans. Power
Systems, vol. 23, no. 3, pp. 1433-1440, Aug. 2008.
[19] A. K. Al-Othman and M. R. Irving, “Uncertainty modeling in power
system state estimation,” IEE Gener. Transm. Distrib., vol. 152, no. 2,
pp. 233-239, Mar. 2005.
[20] B. Gou and A. Abur, “A direct numerical method for observability
analysis”, IEEE Trans. Power Systems, vol. 15, no. 2, pp. 625-630, May
2000.
[21] R. Christie. (1999, August). Power system test archive. [On-
line]http://www.ee.washington.edu/research/pstca
S. Chakrabarti (S’06, M’07) obtained the Ph.D. degree in Electrical En-
gineering from Memorial University of Newfoundland, Canada, in 2006.
Currently he is working as a Lecturer in the School of Engineering Systems,
Queensland University of Technology, Brisbane, Australia. His research
interests include power system dynamics and stability, state estimation, and
application of computational intelligence to power system problems.
E. Kyriakides (S’00, M’04, SM’09) received the B.Sc. degree from the
Illinois Institute of Technology in Chicago, Illinois in 2000, and the M.Sc.
and Ph.D. degrees from Arizona State University in Tempe, Arizona in
2001 and 2003 respectively, all in Electrical Engineering. He is currently an
Assistant Professor in the Department of Electrical and Computer Engineering
at the University of Cyprus, and a founding member of the KIOS Research
Center for Intelligent Systems and Networks. He is the Action Chair of the
ESF-COST Action IC0806 ”Intelligent Monitoring, Control, and Security of
Critical Infrastructure Systems” (IntelliCIS) (2009-2013).
G. Ledwich (M73, SM92) received the Ph.D. in electrical engineering from
the University of Newcastle, Australia, in 1976. He has been Chair Professor
in Power Engineering at Queensland University of Technology, Australia since
2000. His interests are in the areas of power systems, power electronics, and
controls. He is a Fellow of I.E.Aust.
A. Ghosh (S80, M83, SM93, F06) is the Professor of Power Engineering at
Queensland University of Technology, Brisbane, Australia. He has obtained a
Ph.D. in EE from University of Calgary, Canada in 1983. Prior to joining the
QUT in 2006, he was with the Dept. of Electrical Engineering at IIT Kanpur,
India, for 21 years. He is a fellow of Indian National Academy of Engineering
(INAE) and IEEE. His interests are in Control of Power Systems and Power
Electronic devices.
